The oxygen (O 2 ) concentration is a vital parameter for controlling the survival, proliferation, and differentiation of neural stem cells. A prenatal reduction of O 2 levels (hypoxia) often leads to cognitive and behavioral defects, attributable to altered neural development. In this study, we analyzed the effects of O 2 levels on human cortical progenitors, the radial glia cells (RGCs), during active neurogenesis, corresponding to the second trimester of gestation. Small changes in O 2 levels profoundly affected RGC survival, proliferation, and differentiation. Physiological hypoxia (3% O 2 ) promoted neurogenesis, whereas anoxia (<1% O 2 ) and severe hypoxia (1% O 2 ) arrested the differentiation of human RGCs, mainly by altering the generation of glutamatergic neurons. The in vitro activation of Wnt-β-catenin signaling rescued the proliferation and neuronal differentiation of RGCs subjected to anoxia. Pathologic hypoxia (≤1% O 2 ) also exerted negative effects on gliogenesis, by decreasing the number of O4 + preoligodendrocytes and increasing the number of reactive astrocytes derived from cortical RGCs. O 2 -dependent alterations in glutamatergic neurogenesis and oligodendrogenesis can lead to significant changes in cortical circuitry formation. A better understanding of the cellular effects caused by changes in O 2 levels during human cortical development is essential to elucidating the etiology of numerous neurodevelopmental disorders.
Introduction
That changes in O 2 levels play an important role during cerebral cortex development is well documented. Reduced O 2 levels in the developing brain, whether due to umbilical cord occlusion, obstetric complications, impaired placental function, or premature birth, are often accompanied by hypoxic-ischemic pathologies that severely compromise cortical development (Woodward et al. 2005; Luu et al. 2009; Basovich 2010; Hutter et al. 2010; Volpe 2011; Li et al. 2012) . A decrease in O 2 levels during the fetal period can impact the development of cortical progenitor cells and result in complex brain anomalies, including a reduction in total brain size and/or cerebral cortex thickness, progressive cerebral ventriculomegaly, and decreases in the amount of subcortical white matter and/or the size of the corpus callosum (Ajayi-Obe et al. 2000; Cannon et al. 2002; Martinussen et al. 2005; Volpe 2011 ). These hypoxia-related anatomical alterations and fetal hypoxia itself have been broadly associated with both cognitive and behavioral deficits later in life (Weinberger 1987; Akbarian et al. 1993; van der Reijden-Lakeman et al. 1997; Raine et al. 2000; Rees and Harding 2004; Li et al. 2012; Selemon and Zecevic 2015) .
O 2 concentrations in the germinal zones of the developing forebrain are much lower (1-6% O 2 ) than atmospheric O 2 levels (PO 2 = 21%, 150 mmHg) ( Table 1) . This physiological hypoxia is critical in promoting the proliferation and pluripotency of neural stem cells (NSCs) (Simon and Keith 2008; Mohyeldin et al. 2010) and in the proper transition of radial glia cells (RGCs) into glutamatergic neurons in the developing cerebral cortex (Malik et al. 2013) . Severe or pathological hypoxia (PO 2 ≤ 1%; ≤7 mmHg), however, induces NSC quiescence and apoptosis (Ezashi et al. 2005; Santilli et al. 2010) . The effect of hypoxia on neural progenitors from early postnatal human brains, that is, when neurogenesis has ended but gliogenesis is ongoing, has been analyzed (Pistollato et al. 2007 ), but similar studies of human cortical progenitors during active neurogenesis are lacking.
In this in vitro study, we examined the cellular response to reduced O 2 levels of human cortical progenitors (RGCs) during the second trimester of gestation (14-24 gestational weeks, gw). Specifically, we investigated the role of O 2 on RGC survival and proliferation as well as the differentiation of these cells into excitatory (glutamatergic) and inhibitory (GABAergic) neurons, astrocytes, and oligodendrocytes, which occurs during the second trimester of gestation (Jakovcevski and Zecevic 2005; Howard et al. 2006; Mo et al. 2007 ; Mo and Zecevic 2009; Ortega et al. 2013 ). Our results demonstrate that pathological hypoxia (PO 2 ≤ 1% or ≤7 mmHg) reduces the survival, proliferation, and neurogenesis of human cortical RGCs, whereas physiological O 2 levels (PO 2 3% or ∼21 mm Hg) have the opposite effect. The defects observed in cortical RGC cultures under pathological O 2 conditions can, at least in part, be explained by the reduced activation of the Wnt signaling pathway.
Materials and Methods

Human Fetal Cell Cultures
Tissues for cell cultures were dissected from human fetal forebrains (Table 2 ) ranging in age from 14 to 19 gw and obtained from Advanced Bioscience Resources (ABR) and Human Developmental Biology Resource. Parental consent and the approval of the Ethics Committees of the respective institutions were obtained. None of the fetal brains showed evidence of disease or abnormalities upon ultrasound and neuropathological examinations. The developmental stage was estimated based on the gestational weeks after conception and on the ultrasound findings. Brain tissue was collected in oxygenized Hank's balanced salt solution (Invitrogen) and transported on ice to the laboratory, where it was first dissected and then mechanically and enzymatically dissociated (0.025% trypsin-EDTA, Invitrogen; DNAse I, 2 mg/mL, Sigma-Aldrich). The resulting cells were cultured in poly-D-lysine (Sigma-Aldrich) coated flasks containing proliferation medium (PM), consisting of DMEM/F12 (Invitrogen), B27 supplement (Invitrogen), basic fibroblast growth factor (bFGF; 10 ng/mL, Peprotech), epidermal growth factor (EGF; 10 ng/mL, Millipore), and penicillin/streptomycin (Invitrogen).
Enrichment of Human RGCs and Hypoxic Treatments
RGCs were isolated from mixed cell cultures derived from different regions of the human forebrain. Since the availability of ganglionic eminences (GEs) was limited, progenitors from the lateral, medial, and caudal GE were pooled to allow comparisons between pallial (cortical) and subpallial (GE) regions. RGCs were enriched from the mixed cell populations obtained from both forebrain areas of second trimester fetuses using MACS ® Technology, based on a protocol of immunomagnetic cell sorting using anti-CD15-antibody-coated microbeads (Miltenyi Biotech) as described previously (Ortega et al. 2013; Radonjic et al. 2014b) . Human RGCs were cultured on poly-D-lysinecoated 6-well plates and on 12-mm coverslips (Carolina Biologicals) in PM for 1 to 3 days in vitro (DIV) before they were subjected to the hypoxic treatments. For O 2 deprivation, cells in PM were shifted to differentiation medium (DM, without bFGF and EGF) and placed into a basic modular incubator chamber (Billups-Rothenberg), in which the influx of nitrogen and CO 2 results in the almost complete removal of O 2 from the chamber, thus creating anoxic conditions (<1% O 2 ) (Burgers et al. 2008) . O 2 levels within the chamber were monitored using anoxic strips (Becton-Dickinson) that change from blue to white when the O 2 level is <1% (Supplementary Figure 1) . To test the effect of longer periods of hypoxia, a C-chamber (BioSpherix) was used, as it provides a more precise control of O 2 levels for hypoxic conditions of 1% and 3% O 2 (Supplementary Figure 1) . Control (atmospheric) conditions were defined as 21% O 2 . For the pharmacological treatments, the Wnt-β-catenin agonist CHIR99021 (3 μm, Stemgent) and the antagonist XAV939 (5 μm, Stemgent) were added in DM at the beginning of the anoxic stimulus. For the 7-day analysis, the medium was replaced with fresh DM 2 days after a 24-h anoxic stimulus.
Cell Viability Staining and BrdU Labeling
RGC viability was assessed using the Live/Dead viability/cytotoxicity kit (Molecular Probes) according to the manufacturer's (2011) instructions. The esterase activity of live cells converts nonfluorescent cell-permeable calcein to green fluorescent calcein, whereas dead cells, because of their damaged membranes, incorporate ethidium homodimer (EthD-1) that binds to nucleic acids, producing red fluorescence. The thymidine analog 5-bromo-2-deoxyuridine (BrdU, 20 µM; Sigma-Aldrich) was prepared in DM and added to the cultures as distinct pulses at different time points to assess changes in RGC proliferation and the exit of these cells from the cell cycle. The BrdU pulses were stopped by replacing the cell medium. Incorporated BrdU was detected immunohistochemically in fixed cells using a BrdU-specific antibody (Becton-Dickinson).
Reactive O 2 Species (ROS) in Live RGCs
ROS levels in RGC cultures were analyzed using the Image-iT TM LIVE green reactive oxygen species detection kit (Molecular Probes), based on 5-(and-6)-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA), a reliable fluorogenic marker of ROS in live cells. As a positive control, tert-butyl hydroperoxide was added to the RGC cultures to induce ROS production. The cells were counterstained by nuclear labeling with DAPI.
Immunocytochemistry and Immunohistochemistry
Cells fixed with 4% paraformaldehyde and blocked for 1 h in phosphate-buffered saline (PBS) containing 0.1% normal goat serum (Gibco) and 0.1% Triton (Sigma-Aldrich) were incubated first with primary antibodies (Table 3) overnight at 4°C and then for 1 h with the appropriate secondary antibodies conjugated with Alexa488 or Alexa555 fluorophores (1:500, Molecular Probes). Cell nuclei were stained using bisbenzimide (SigmaAldrich).
For immunohistochemistry, fetal forebrain blocks were fixed overnight in 4% PFA, cryoprotected in 30% sucrose/PBS, frozen in TissueTek OCT, and sectioned on a cryostat (15-µm sections). Coronal cryosections were incubated for 15 min in 10 mM sodium citrate (Sigma-Aldrich), pH 9.0, at 85°C for antigen retrieval and then in 3% H 2 O 2 to inhibit endogenous peroxidases. The sections were then placed in blocking solution, consisting of 0.5% blocking reagent (Roche) in Tris-NaCl-Tween buffer (TNT) [0.1 M, pH7.5 Tris-HCl (Thermo Fisher Scientific); 0.15 M NaCl (Thermo Fisher Scientific); and 0.05% Tween], and incubated overnight at 4°C with primary antibodies to hypoxiainducible factor (HIF-1α) and glial fibrillary acidic protein (GFAP) (Table 3), followed by antimouse-horseradish-peroxidase (HRP) conjugated secondary antibody (Jackson Immuno-Research Lab) targeting HIF-1α. The samples were developed with the TSA Plus fluorescein system (Perkin Elmer), washed with TNT solution, and incubated first with antirabbit-Alexa555 (Molecular Probes) for GFAP detection and then briefly with bisbenzimide (Sigma-Aldrich) for nuclear staining.
Image Analysis and Statistical Tests
Immunolabeled samples were visualized using an Axioskop microscope (Zeiss) together with Axiovision software and photographed using a digital camera. The images were assembled in Adobe Photoshop (v. 7.0) , with consistent quality adjustments for contrast, brightness and color balance. Immunolabeled cells from 9 to 12 predesignated adjacent optical fields and from a minimum of three different human samples per experiment were analyzed using Image J software (National Institutes of Health). Because of the variations among the human samples and the experimental replicates, paired Student's t-tests were used to compare two experimental conditions, and a one-way ANOVA followed by a Bonferroni post hoc test for comparisons of three or more experimental groups.
Western Blot Analysis
The cells were homogenized in lysis buffer [50 mM Tris-HCl pH7.4, 150 mM NaCl, 1% NP-40 (Sigma-Aldrich), 1 mM phenylmethylsulphonyl fluoride (Thermo Fisher Scientific), and protease inhibitor cocktail (Thermo Fisher Scientific)] on ice for 
In Situ Hybridization
A plasmid containing the full coding sequence of human HIF-1α was purchased from Addgene (plasmid #21101, Connie Cepko Lab). A PCR from the plasmid sequence was used to add T3 and SP6 DNA-dependent RNA polymerase sequences to the edges of the HIF-1 α sequence to produce the antisense and sense probes, respectively. Digoxigenin-UTP (Roche) labeled riboprobes were generated from the purified PCR product obtained by in vitro transcription. In situ hybridization was performed on cryosections (15 µm) using a protocol described previously (Radonjic et al. 2014b) . The specificity of the procedure was assessed using a probe corresponding to the sense strand of HIF-1α.
Quantitative PCR
The expression of genes related to hypoxia and the Wnt-β-catenin signaling pathway was evaluated using real-time PCR. Total RNA was extracted from the cells using a RNA purification kit (Macherey-Nagel) according to the manufacturer's instructions. Reverse transcription was carried using 1 μg of RNA, M-MuLV reverse transcriptase (New England BioLabs), and oligo (dT) primers (Invitrogen) according to the manufacturer's instructions. Quantitative PCR (qPCR) was performed in 96-well reaction plates (Eppendorf) in a CFX96 Connect thermocycler (BioRad). The reactions were prepared according to the standard protocol for SYBR Green qPCR with SsoFast Evagreen Supermix (BioRad). The 5′→3′ sequences of the forward (F) and reverse (R) primers were:
The thermal cycle conditions were 95°C for 2 min followed by 40 cycles of 15 s at 95°C, 15 s at 55°C, and 20 s at 68°C. All assays were performed in triplicate. The averaged cycle of threshold (Ct) values of the GAPDH triplicates were subtracted from the Ct values of the target genes to obtain the ΔCt. Relative gene expression was determined as 2− ΔCt (ΔΔCt) and expressed relative to the control value.
Results
HIF-1α Expression in Human Fetal RGCs
To estimate the O 2 -dependent responses of the human developing brain, HIF-1α expression was determined on coronal cryosections of fetal forebrains (15-24 gw, Table 2 ). HIF-1α is the O 2 -sensitive subunit of the heterodimeric transcription factor HIF-1. In normoxic conditions (10-20% O 2 ; 70-150 mmHg) HIF-1α is targeted to the proteasome and degraded, but under low O 2 conditions it is translocated to the nucleus, where it promotes the expression of multiple genes (Stroka et al. 2001; Carroll and Ashcroft 2005) . Thus, HIF-1α expression is a sensitive indicator of physiologically low O 2 conditions in tissues. In situ hybridization of cryosections of human fetal brains at 18, 22, and 24 gw revealed HIF-1α mRNA expression in the dorsal telencephalon, mainly in the cortical ventricular zone (VZ) populated by RGCs, and in the cortical plate (CP) populated by young neurons (Fig. 1A-C) . HIF-1α was also expressed ventrally, in the VZ of the GE (Fig. 1A,D) . A qPCR analysis of tissue samples confirmed HIF-1α expression in both brain areas and showed slightly higher expression in enriched RGC cultures (see below) obtained from the GE than in cortical RGCs (Fig. 1E ).
Since HIF-1α is regulated at the protein level, human fetal sections (15, 17, 18, 22 , and 24 gw) were evaluated histochemically. HIF-1α + nuclei were observed in the CP and VZ in both the cerebral cortex and the GE, where GFAP + RGCs were located ( Fig. 1F-I ). This widespread presence of HIF-1α in the human forebrain during the second trimester is in agreement with the microarray data presented in the Allen Brain Atlas and suggests that hypoxic signaling is required for cortical neurogenesis during human fetal development.
The Effect of Hypoxic Stimuli on the Survival of Human Cortical RGCs
Because species-specific differences in cortical development have been reported (e.g., Letinic et al. 2002; Rakic and Zecevic 2003; Zecevic et al. 2005; Yu and Zecevic 2011; Betizeau et al. 2013; Geschwind and Rakic 2013; Lui et al. 2014; Radonjic et al. 2014a; Pollen et al. 2015) but functional studies in humans are not possible, we used in vitro experiments aimed at providing a better understanding of the factors controlling human cerebral cortex development and, by extension, the etiology of multiple neurodevelopmental disorders. The effects of pathological versus non-pathological O 2 levels during fetal development were assessed by examining the in vitro cellular response of human RGCs to distinct hypoxic conditions. RGCs were enriched from the cortical region of human fetal brains ranging in age from 14 to 19 gw (Table 2 ). This is a critical period for cortical neurogenesis in humans as it is the stage when upper cortical layers are formed Malik et al. 2013) . Magnetic immunosorting of RGCs from dissociated cortical cultures using an anti-CD15 antibody showed that the majority of cells expressed RGC-specific markers 4 h after sorting: 90% of the cells were immunolabeled for SOX2 and Vimentin, and 80% for BLBP and GFAP ( Fig. 2A-C) . Around 10% of the cells were labeled with the neuronal marker βIII-tubulin, and only 5% with the oligodendrocyte progenitor cell marker NG2. During the next 3 DIV, the cells were cultured in PM, previously shown to maintains the percentages of the distinct cell types ( Fig. 2C ; Ortega et al. 2013; Radonjic et al. 2014a ). The hypoxic conditions in utero were reproduced by placing RGC cultures in two different hypoxic chambers: one allowing for the nearly absolute absence of O 2 (<1%) and the other maintaining O 2 levels at 1% or 3% (Supplementary Figure 1A) . After 6 h of an anoxic stimulus (<1% O 2 ), corresponding to the peak of HIF-1α expression in the brain of hypoxia-exposed rodents (Stroka et al. 2001) , almost 100% of the RGCs were immunolabeled for HIF-1α whereas labeling was not detected in cultures maintained under atmospheric O 2 conditions (Fig. 2D ). This result, confirmed by western blotting, showed that low O 2 levels in vitro efficiently activated hypoxic intracellular signaling in cortical RGCs (Fig. 2E) .
To assess the effects of different levels of hypoxia on RGCs, four different conditions based on data from previously published studies were established (Table 1) : atmospheric O 2 (21%), as the in vitro "control" condition; two pathologic O 2 conditions, "acute anoxia" (24 h at <1% O 2 ) and "chronic severe hypoxia" (7 DIV at 1% O 2 ); and "chronic mild hypoxia" (7 DIV at 3% O 2 ), the physiological condition during development (Supplementary Figure 1B) . The survival of RGC cultures (14, 17, and 18 gw) exposed to the various O 2 conditions was determined using the Live/Dead assay. The results showed that acute anoxia (<1% O 2 for 24 h) did not significantly increase RGC death (Fig. 3A-C) , but longer exposures to severe hypoxia (1% O 2 for 7 DIV) increased cell death by 40% compared with control cultures (maintained at 21% O 2 ). Notably, the increase in O 2 levels from 1% to 3% for 7 DIV significantly reduced RGC death compared with either 1% O 2 or atmospheric control conditions (Fig. 3A-C ). These observations indicated that both O 2 levels and the duration of anoxia/hypoxia affect the survival of human RGCs.
Effect of Hypoxic Stimuli on the Proliferation of RGCs
We next analyzed the proliferation of human RGCs under distinct O 2 conditions. RGC cultures (14, 17, 18 , and 19 gw) treated for 24 h under anoxic conditions showed a 30% reduction of Ki67 + proliferating cells compared with control cultures (Fig. 3D,E) . Similar results were obtained by adding the thymidine analog BrdU to the RGC cultures for 16 h after the anoxic stimulus. The number of cells that entered S-phase and therefore took up BrdU was reduced significantly (by 40%) in RGCs cultured for 24 h under anoxic conditions but not for 6 or 12 h Supplementary Figure 2A ,B, indicating that RGCs can briefly tolerate extremely low O 2 levels. Interestingly, 3 and 6 days after 24-h anoxic stimulus, the number of Ki67 + or BrdU + cells did not significantly differ between control and anoxic cultures (Supplementary Figure 2C-E) , which demonstrated the recovery of proliferative activity in RGC subjected to an acute anoxic stimulus.
In line with the survival data discussed above, an important difference was seen in the proliferative capacity of RGCs maintained in 1% versus 3% O 2 for 7 DIV. Thus, compared with controls, the percentage of proliferating (Ki67 + ) cells was reduced by 17% under 1% O 2 but increased by 40% in response to 3% O 2 (Fig. 3D,E) . These results suggested that the precise regulation of O 2 levels from ≤1% to 3% enables the proliferation of multipotent cortical progenitors during human fetal brain development. 
O 2 Regulation of Cortical Neurogenesis In Vitro
To study the effect of O 2 on RGC differentiation into distinct neuronal subtypes, two experimental paradigms were used. In the first, RGC cultures from cortical tissue maintained in DM were subjected to anoxia for 24 h and then analyzed 6 DIV later. In the second, RGC cultures were analyzed after a 7-DIV exposure to chronic severe (1%) or mild (3%) hypoxia (Fig. 4A ).
Anoxia (<1% O 2 )
In 14-, 16-, 17-, 18-and 19-gw RGCs cultured for 24 h under anoxic conditions, western blot analysis revealed a significant reduction of the neuronal marker DCX compared with control cultures (Fig. 4B , P < 0.05) and an 18% decrease in the number of βIII-tubulin + neurons (Fig. 4C) . These results suggested that anoxia reduces neurogenesis by cortical RGCs. We then asked whether the generation of excitatory and/or inhibitory neurons was equally affected. In this case, cortical RGCs subjected to anoxia for 24 h but not to shorter anoxic treatments (6 or 12 h) expressed lower levels of the glutamategic marker TBR1 (Fig. 4B and Supplementary Figure 3A , B), which indicated a time-dependent effect of anoxia on the differentiation of cortical RGCs into glutamatergic neurons. However, the simultaneous increase in the glutamatergic progenitor marker TBR2 suggested the arrested differentiation of TBR2 + intermediate progenitors into TBR1 + postmitotic glutamatergic neurons ( Fig. 4B and Supplementary Figure 3) . That this change was due to specific postmitotic cell death was unlikely, since cell death did not significantly differ in control cultures versus those exposed to 24 h of anoxia either after 3 DIV (atm O 2 = 19.64 ± 0.73% vs. <1% O 2 = 22.54 ± 1.41%; P = 0.073) or 7 DIV (atm O 2 = 21.25 ± 1.63% vs. <1% O 2 = 24.11 ± 1.61%; P = 0.215). Moreover, in cultures pulsed (Fig. 4C) . In contrast to the increase in glutamatergic progenitors under anoxic conditions, the level of NKX2.1, a transcription factor expressed by a subset of interneuron progenitors, was reduced ( Fig. 4B and Supplementary Figure 3C) . At the protein level, there were no changes in LHX6, a downstream effector of NKX2.1, or in other interneuron progenitor markers, such as ASCL1, GSX2, and SP8 ( Fig. 4B and Supplementary Figure 3C) , and the number of GABA + cells was reduced only slightly (Fig. 4C) .
These results demonstrated a specific vulnerability to anoxia of NKX2.1 + progenitors, present in the human cortical subventricular zone during the second trimester of gestation (Radonjic et al. 2014a) . In preliminary studies of RGCs isolated from the GE (17 and 19 gw), the reductions in NKX2.1 protein levels in anoxic versus control cells were similar, whereas the levels of the downstream marker LHX6 and of other interneuron markers remained largely unchanged, as did the percentage of GABA + cells (Supplementary Figure 4) .
Chronic Hypoxia (1-3% O 2 )
When RGC cultures (14, 15, 17, 18, and 19 gw) were exposed for 7 DIV to chronic severe hypoxia (1% O 2 ), although the protein levels of the neuronal marker DCX did not change significantly, there were fewer immunolabeled βIII-tubulin + cells compared with control cultures (Fig. 4B,C (Fig. 4B,C) . On the other hand, NKX2.1 protein levels in cortical RGC cultures were not changed in 1% and increased in 3% O 2 cultures (Fig. 4B) . The levels of the postmitotic interneuronal marker LHX6 displayed a similar trend. Accordingly, the percentage of GABA + cells did not change in response to 1% O 2 but it was slightly higher in cells exposed to 3% O 2 (Fig. 4C) . Thus, both acute anoxic and chronic severe hypoxia, the two pathological paradigms compared in our study, reduced the generation of glutamatergic neurons but not of GABA + cells in cortical RGC cultures. Conversely, physiological hypoxic O 2 conditions (3% O 2 ) increased both glutamatergic and GABAergic neurogenesis compared with control (atmospheric) O 2 levels. Taken together our results show that a change in the O 2 level within the narrow range of ≤1% to 3% is sufficient to significantly modify the neuronal differentiation of human cortical RGCs.
Effect of Different O 2 Levels on Human Gliogenesis in Vitro
We previously reported that human cortical RGCs produce astrocytes and oligodendrocytes during fetal development (Mo and Zecevic 2009; Ortega et al. 2013) . In this study, the possible effects of reduced O 2 levels on astrocyte generation were examined. Because of the overlapping expression of several molecular markers in human RGCs and reactive astrocytes, the cells were distinguished using a panel of markers: anti-SOX2 antibody to label RGCs, anti-GFAP and anti-Vimentin antibodies to label both RGCs and mature astrocytes, and anti-S100β antibody to label reactive astrocytes. None of the conditions tested resulted in significant changes in SOX2 and GFAP protein levels (Fig. 5A,B) . However, anoxia and severe hypoxia induced increases in the level of S100β and especially in that of Vimentin, in addition to causing more polymorphic Vimentin + cells (Fig. 5B,C) . These observations were indicative of greater astrocytogenesis/astocytic activation under pathologic hypoxia. The effect of different O 2 levels on oligodendrogenesis was assessed using the transcription factor OLIG2 as a marker of oligodendroglial differentiation (Jakovcevski and Zecevic 2005; Yuen et al. 2014) . Although in a western blot analysis, OLIG2 protein levels did not significantly differ from controls under any of the hypoxic conditions tested (Fig. 5B) , the percentage of OLIG2
+ cells was slightly reduced in anoxic cultures (Fig. 5D ). The 67% reduction in the number of O4 + preoligodendrocytes in anoxic cultures (Fig. 5E ) confirmed the selective vulnerability of this cell type to severe hypoxia (Back et al. 2001; Pistollato et al. 2007; De Filippis and Delia 2011 
Activation of Wnt-β-Catenin Signaling in Cortical RGCs Rescues the Negative Effects of Anoxia
Wnts (wingless) are morphogens with important regulatory roles in cortical development, including the proliferation and differentiation of distinct cortical progenitors (Chenn and Walsh 2003; Munji et al. 2011; Gan et al. 2014) . O 2 levels modulate Wnt expression during perinatal cortical development in rodents (Yuen et al. 2014) . Since proliferation and neurogenesis were reduced in human RGC cultures under pathological hypoxia, we asked whether the Wnt signaling pathway mediated these effects. As expected, human fetal RGCs in the cortical VZ expressed β-catenin, the key intracellular element of the canonical Wnt signaling pathway (Wnt-β-catenin; Fig. 6A ). We then examined the expression of WNT7A, which occurs in germinal regions of the cortex (Grove et al. 1998; Chenn 2008 ) and enhances both NSC proliferation and neuronal differentiation (Qu et al. 2013) . RGCs cultured in 3% O 2 expressed high levels of WNT7A. This result as well as the increased proliferation and neurogenesis of RGCs in 3% O 2 (Figs 3D,E, 4B,C, 6B) was consistent with previous studies showing higher Wnt-β-catenin activation in NSCs exposed to similar hypoxic conditions, which led to increases in cell proliferation, neuronal differentiation, and maturation (Mazumdar et al. 2010; Cui et al. 2011; Varela-Nallar et al. 2014) . However, acute anoxia and severe hypoxia reduced WNT7A mRNA levels in RGC cultures. Anoxic RGC cultures, characterized by diminished RGC proliferation and neuronal differentiation (Figs 3 and 4) , also displayed lower Wnt-β-catenin activation, as shown by the very large reductions in the mRNA levels of AXIN2 and LEF-1, two endogenous Wnt-β-catenin target genes (Jho et al. 2002; Fancy et al. 2011; Bowman et al. 2013) , and in β-catenin and LEF-1 protein levels ( Fig. 6C-E) . To confirm the role of Wnt-β-catenin signaling in RGCs under pathologic O 2 levels, the Wnt-β-catenin signaling pathway was activated using the Wnt-β-catenin agonist CHIR99021 and inhibited using the antagonist XAV939 ( Fig. 6F and Supplementary Figure 5) . As expected, CHIR99021 stimulated the proliferation and neuronal differentiation of cortical RGCs (16, 17, and 18 gw), as shown by the increases in proliferating Ki67 + cells (Fig. 6G) , the percentage of βIII-tubulin + neurons, and DCX protein levels (Fig. 6H-J) , respectively. This treatment was sufficient to reverse the decreases in RGC proliferation (Fig. 6G) and neurogenesis ( Fig. 6H-J) caused by anoxia. A recovery of neurogenesis was not achieved in anoxic RGC cultures treated with a combination of CHIR99021 and XAV939, demonstrating the specificity and importance of Wnt-β-catenin signaling in the anoxia-induced reduction of neurogenesis. However, the Wnt-β-catenin antagonist did not completely block the action of the agonist on RGC proliferation, probably due to the faster and more powerful shortterm effect of the agonist CHIR99021 at the analyzed time point (1 DIV). Taken together, our results demonstrated that O 2 levels modulate the proliferation and differentiation of human cortical RGCs, by modifying the Wnt-β-catenin signaling pathway.
Discussion
In this study, we first showed that HIF-1α is expressed in human fetal forebrain, and specifically in the VZ and CP of the cerebral cortex, during the second trimester of gestation. Consistent with previous studies on HIF-1α in various animal models (Stroka et al. 2001; Keith et al. 2012; Yuen et al. 2014) , our findings revealed the importance of low O 2 levels in the maintenance of human cortical progenitors and in neurogenesis. Although HIF-1α expression differed in pallial (cortex) versus subpallial (GE) RGCs, our preliminary results did not show differences in the responses of these two progenitor populations to hypoxia. Additional experiments are, however, needed to better understand the effects of O 2 levels on the development of multiple neural cell types in distinct forebrain regions. Our study also allowed us to define the narrow boundary between physiological (3%) and pathologically low (≤1%) O 2 levels that determines the survival, proliferation, and differentiation of human cortical RGCs during fetal development. Three results are worth stressing 1) the improved survival and proliferation of RGCs cultured in physiological versus atmospheric (control) or pathological O 2 conditions; 2) glutamatergic neurogenesis by human RGCs is more sensitive to pathological hypoxia than GABAergic neurogenesis; this can interfere with formation of cortical circuitry and impair the balance between cortical excitation and inhibition; and 3) the importance of Wnt-β-catenin signaling in the pathophysiology of fetal hypoxia.
Survival and Proliferation of Human Cortical RGCs in Response to Different O 2 Levels
Under the atmospheric O 2 levels commonly used for in vitro experiments, cell metabolism generates high levels of ROS, thus increasing the risk of DNA damage and cell senescence (Busuttil et al. 2003) . Under physiological O 2 conditions (1-6% O 2 ), by contrast, neural progenitors are able to maintain the self-renewal of multiple types of NSCs (Studer et al. 2000; Pistollato et al. 2007; Mohyeldin et al. 2010; Santilli et al. 2010 ), whereas extremely low (≤1%) O 2 levels drive neural progenitors into quiescence and/or apoptosis (De Filippis and Delia 2011). Here we showed that human fetal cortical progenitor cells (RGCs) are resistant to brief episodes of acute anoxia, as there were no significant changes in cell death or ROS levels in cells cultured in <1% O 2 for 24 h (Supplementary Figure 6 ) versus in atmospheric control cultures. A previous study in rodents also showed that, in the presence of sufficient amounts of glucose in vitro, anoxia stimulates NSC survival and proliferation (Burgers et al. 2008 ). In the glucoserich cell medium commonly used in vitro, NSCs survived chronic anoxia, whereas in the analogous in vivo condition of perinatal hypoxic-ischemic injury NSCs are highly vulnerable (Romanko et al. 2004 ). In our model, an extension of the duration of severe hypoxia (1% O 2 ) to 7 DIV resulted in a significant decrease in cell survival, probably because glucose levels were unable to compensate for the effects of prolonged and substantial reduction in O 2 levels.
The reduction in RGC proliferation during pathological hypoxia suggested that NSC self-renewal is a highly energydemanding process and anaerobic glycolysis might not provide enough ATP to RGCs (Erecinska and Silver 2001; De Filippis and Delia, 2011; Wheaton and Chandel 2011) . The energetic cellular failure under pathological hypoxia provokes a disregulation of cellular ion metabolism that leads to intracellular calcium accumulation (Vannucci et al. 2001; Kristian 2004 ). The precise regulation of calcium in cortical RGCs is vital for the proliferation of these cells and their subsequent differentiation as well as for the migration of cortical neurons (Komuro and Rakic 1996; Weissman et al. 2004; Rash et al. 2016) . It is therefore likely that O 2 levels interact with multiple mechanisms that simultaneously regulate RGC proliferation. Here we showed that the Wnt-β-catenin pathway is downregulated in RGCs under anoxic conditions and its pharmacological reactivation restores the proliferative potential of these cells. This is in agreement with previous studies showing that Wnt-β-catenin signaling is downregulated under anoxic conditions, whereas mild hypoxia induces the activation of this pathway and proliferation of neural progenitors (Mazumdar et al. 2010; Varela-Nallar et al. 2014) . The stabilization of HIF-1α in mild hypoxic conditions potentiates other signaling pathways, such as Oct4 and Notch, which also promote stemness in multiple stem cell systems (Gustafsson et al. 2005; Kaidi et al. 2007; Simon and Keith 2008; Yoshida et al. 2009 ). Under atmospheric conditions, however, decreased HIF-1α levels activate the tumor suppressors p53 and p21, which increase mitotic arrest (Gustafsson et al. 2005; Pistollato et al. 2007) . Consistent with these findings, the proliferation of cortical RGCs was higher in 3% O 2 conditions than in atmospheric control conditions. Taken together, these results show that the proliferative activity of human RGCs can be modulated by multiple O 2 -dependent mechanisms acting at different cellular levels.
Differentiation of Human Cortical RGCs at Different O 2 Levels
O 2 levels control progenitor cell differentiation, as previously shown in studies in which a reduction in O 2 levels changed the genetic profile of human embryonic stem cells and promoted the neuronal to astroglial switch (Xie et al. 2014) . While severe hypoxia (≤1% O 2 ) supports a slight increase in the astroglial differentiation of NSCs, mild hypoxia (2-5% O 2 ) promotes NSC differentiation into neurons and oligodendrocytes (Ezashi et al. 2005; Pistollato et al. 2007; Santilli et al. 2010 (Back et al. 2001; Pistollato et al. 2007; De Filippis and Delia 2011) . The small glial changes observed in our study may have been due to the fact that the neural progenitors were derived from fetal brains of~20 gw, when neurogenesis prevails over gliogenesis. Accordingly, the most robust change observed in our study was the neuronal differentiation of cortical RGCs. Studies in animal models and in human fetal tissue have demonstrated that physiological hypoxia in utero is necessary for the differentiation of RGCs into intermediate progenitors and ultimately into postmitotic neurons, whereas cortical neurogenesis is severely reduced following the premature exposure of preterm animals to atmospheric O 2 (Malik et al. 2013) . Similarly, in our in vitro system, human cortical RGCs produced fewer neurons under atmospheric O 2 conditions than in response to 3% O 2, and even fewer neurons when exposed to pathological hypoxia (≤1% O 2 ). These results are in line with the reduction in cortical gray matter in individuals who suffered fetal hypoxia during the last trimester of gestation (Cannon et al. 2002; Martinussen et al. 2005) . We found that in cortical RGC cultures exposed to analogous conditions, the anoxiainduced reduction of neurogenesis correlated with reduced WNT7A expression/Wnt-β-catenin activation. Reactivation of the Wnt-β-catenin pathway reversed anoxia-impaired neurogenesis, demonstrating the importance of this signaling pathway in pathological hypoxia.
Effect of Hypoxia on the Generation of Distinct Neuronal Cell Types
Because stress conditions producing hypoxia/ischemia during fetal development can induce various neurodevelopmental disorders (van der Reijden-Lakeman et al. 1997; Rees and Harding 2004; Basovich 2010) , we asked whether fetal pathological hypoxia impairs the ratio of glutamatergic to GABAergic neurons during the second trimester of gestation. The balance between excitation and inhibition is crucial for proper cortical function, and its disturbance has been linked to psychiatric and neurological disorders in affected individuals (Rubenstein and Merzenich 2003; Haider et al. 2006; Marín 2012) . In immortalized human NSCs maintained at 2.5-5% O 2 , the generation of GABAergic neurons was increased, whereas glutamatergic neuron production remained unchanged (Santilli et al. 2010 ). In our study, glutamatergic neurogenesis from human fetal RGCs increased in response to 3% O 2 and decreased under pathological hypoxia (≤1% O 2 ). These results are of clinical significance, since a reduction in glutamatergic function has been associated with schizophrenia, which has been reported in individuals who suffered prenatal hypoxia (Cannon et al. 2002; Lewis et al. 2003; Marsman et al. 2013) . However, in our in vitro system, GABAergic cell production was not affected by the reduced O 2 levels, although cortical NKX2.1 + progenitors were particularly sensitive to anoxia. In previous work we showed that, unlike in rodents, the fetal cortex of humans includes a subset of NKX2.1 + cells that generate both cortical parvalbumin (PV) and somatostatin interneurons Zecevic et al. 2011; Radonjic et al. 2014a) . The differentiation of these specific interneuron cell subtypes is impaired in mice subjected to perinatal hypoxia (Komitova et al. 2013 ). Although at 20 gw the percentage of NKX2.1 + cells among all cortical subventricular zone cells is relatively small (4-5%) (Radonjic et al. 2014a) , the clinical relevance of the sensitivity of these primate-specific cortical progenitors to O 2 levels is the association between impaired cortical PV-interneuronal circuitry and psychiatric conditions such as schizophrenia and bipolar disorder (Torrey et al. 2005; Volman et al. 2011; Lewis et al. 2012; Powell et al. 2012 ). The present study contributes to a better understanding of the effect of fetal hypoxia on cortical progenitors and, consequently, on human cortical development. We propose that, although clinically difficult to detect, hypoxic episodes during fetal development lead to neurodevelopmental changes in the cortex that may give rise to learning and behavioral deficits. The in vitro paradigm proposed herein is, at least for now, the only way to study the behavior of human cortical progenitor cells (RGCs) in response to changing O 2 levels. Nonetheless, because of the complexity of the in vivo environment, including the influence of other cellular elements and the complex neurovascular niche that surrounds human radial glia progenitors, a variety of approaches will be necessary to obtain a complete picture of the effect of O 2 levels on human cortical development. 
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We thank Addgene for supplying the pCAG-HIF-1α plasmid (#21101), from the lab of Connie Cepko (Harvard Medical School, Boston, MA), used to produce the probes for the in situ hybridization experiments. with the Wnt-β-catenin agonist. (I, J) Western blot of the neuronal marker DCX confirms the βIII-tubulin immunolabeling results. Actin served as a loading control. *P < 0.05, **P < 0.01, show significant differences compared with the non-treated-control condition (DMSO; atm); # P < 0.05, ## P < 0.01 show differences between the respectives treated-anoxic (CHIR/CHIR+XAV; <1%) and treated-control conditions (CHIR/CHIR+XAV; atm). Paired t-test was used to compare control versus anoxic conditions and multiple experimental conditions were compared using ANOVA. A minimum of three different cases were used per condition. Error bars indicate the SEM.
